Stability of 12CaO·7Al 2 O 3 (C12A7) crystal under high-pressure conditions is investigated by sample recovery experiments and firstprinciples calculations. After high-pressure and high-temperature treatments, C12A7 crystal is mainly decomposed to 2CaO·Al 2 O 3 (C2A) and 4CaO·3Al 2 O 3 (C4A3). According to first-principles calculations, the volume of C12A7 crystal is larger than that of [4(C2A)+C4A3]. From energetic point of view, C12A7 is stable at 0 GPa but it becomes unstable as pressure increases. This is caused by large volume of C12A7 at 0 GPa while the contribution of volume shrink of each substance is rather small. This indicated that the volume at 0 GPa is a dominant factor in these systems under high-pressure. [
Introduction
Applications of ubiquitous elements have been studied for sustainable developments. 12CaO·7Al 2 O 3 (C12A7) crystal is one of promising materials which consist of ubiquitous elements. It has a unique crystal structure that sub-nano-sized cages are connected three-dimensionally. 1) The cages can incorporate various kinds of anions and electrons. They play an important role for properties of C12A7 such as electronic 2) and ionic transport 3) and catalytic properties. 4, 5) For example, the normal C12A7 is an insulator as other CaO-Al 2 O 3 systems. As electrons are substituted for O 2¹ in the cages, C12A7 become semi-conductor, metallic-conductor and super-conductor. 2, 6, 7) High-pressure experiments have a potential to lead new materials. The behavior of C12A7 crystal under high-pressure have been reported by several researchers. The superconducting transition temperature of C12A7 increases up to 1.79 K at 4.7 GPa. 8) According to diamond anvil cell experiments and first-principles calculation, C12A7 transform to amorphous around 13 GPa at room temperature. 9) Our previous reports showed that C12A7 is decomposed to 2CaO·Al 2 O 3 (C2A) and 4CaO·3Al 2 O 3 (C4A3) at 2.5 GPa and 1000°C. 10) Generally, enthalpy change between two systems, ¦H, is a key factor of the reaction under high-pressure condition. Pressure P affects internal energy E and volume V and thus it is essential to understand the behavior of these parameters to control reactions under high-pressure.
In the present study, we investigated stability of C12A7 under high-pressure and high-temperature (HPHT) conditions by sample recovery experiments and first-principles calculations. C12A7 becomes unstable as pressure increase and this is caused by the large volume of C12A7 while the contribution of volume shrink of each substance is rather small.
Experimental and Computational Procedures

Experimental procedure
Stability of C12A7 was investigated by sample-recovery experiments. C12A7 was synthesized from CaCO 3 (Soekawa chemicals, 99.99%) and Al 2 O 3 (Kojundo Chemical, 99.99%) at ambient pressure. They were mixed, ground and calcined at 1300°C in air for 10 hours. A part of C12A7 samples were annealed at 800°C in air for 72 h. The obtained C12A7 samples were sealed into Pt capsules and then high-pressure cells were constructed. HPHT experiments were performed with the belt-type apparatus, FB-30H. After HPHT treatments, samples were quenched to room temperature and then depressurize to ambient pressure. Pressure and temperature were estimated by the same methods described elsewhere. 11) Recovered samples were characterized with X-ray diffraction (XRD). XRD patterns were collected with a Rigaku RINT-2200V/PC using Cu-K¡ radiation and a graphite counter monochromator.
Computational procedure
Electronic and atomistic structures were calculated by the projector augmented wave method 12) implemented in Vienna ab-initio simulation package (VASP) code. 13, 14) Cut-off energy was set to 600 eV. Exchange-correlational functional was evaluated with the generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof (GGA-PBE). 15) The initial configurations of electrons were 3s 2 3p 6 4s 2 , 3s 2 3p 1 and 2s 2 2p 4 for Ca, Al and O, respectively. The k-point sampling was performed by Monkhorst-Pack scheme. 16) The structure parameters were fully optimized until residual forces were less than 0.01 eV/¡ and the deviations in stress from the target values was less than 0.1 GPa. Based on experimental results discussed below, we calculate three substances, C12A7, C2A and C4A3. The calculated lattice constants and the k-point meshes were summarized in Table 1 . In this condition, calculated lattice constants were around 1% larger than experimental values, which is within the usual GGA error. The convergence tests were carried out by the comparing with more severe conditions, typically, 800 eV of cut-off energy and two times dense k-point mesh for each substance. This confirmed that total energy convergence was achieved to 4 meV/atoms.
It is noted that C12A7 has partially occupied O3 site. 1) In a "conventional" cubic unit cell, the partial occupancy of O3 site is 2/24. Since space group of C12A7 crystal is I-43d, we can arrange a "primitive" unit cell, which had half size of the conventional cubic unit cell. The partial occupancy of O3 site is 1/12 in the primitive unit cell. Therefore we adapted the model that one of the O3 site was occupied by O atom in primitive unit cell.
Results and Discussions
Recovered samples contain some extra phases after HPHT treatments. Figure 1 shows typical XRD patterns of recovered samples. The extra peaks of recovered samples were mainly assigned to C2A and C4A3, but there is an unassigned peak around 31°. This unassigned peak was observed a lot in Ca(OH) 2 -Al(OH) 3 system. HPHT treatments of C12A7 were summarized at Table 2 . C12A7 tends to become unstable under HPHT conditions. Even at 1300°C, which was synthesis temperature of C12A7 in the present study, C12A7 was decomposed above 4 GPa. Considering chemical composition of C12A7, it is mainly decomposed to C2A and C4A3 under HPHT conditions.
In order to examine the stability of C12A7 under highpressure, we carried out first-principles calculations. We assumed a following reaction based on experimental results: C12A7 § 4(C2A) + C4A3. First, compression behavior of each system is discussed on because volume V is a key component of enthalpy H. Figure 2 shows calculated volume of C12A7 and [4(C2A)+C4A3]. C12A7 has larger volume than [4(C2A)+C4A3] over the entire region. The volume of the system becomes 77% after the reaction from C12A7 to [4(C2A)+C4A3]. It is noted that the volume shrink of C12A7 is about two times larger than that of [4(C2A)+C4A3]. It is worth mentioning that C12A7 did not shrink isotopically as pressure increases. Since our model has two types of the cages, occupied and empty cages, we discussed the behavior of the cages. The size of cage is characterized with distance between Ca and Ca, d cage , as illustrated in Fig. 3(a) . Pressure dependence of the size of cages is shown in Fig. 3(b) . Empty cage which is parallel to occupied cage is smaller than that of vertical. Empty cages shrink more rapidly than occupied cage. These behaviors are the same tendency to the result reported by Zhang et al. 9) Next, we discussed on the stability of C12A7 from energetic point of view. In general, it is important for reaction under high-pressure that enthalpy difference between two systems, ¦H = ¦E + ¦(PV), where, H, E, P and V means enthalpy, internal energy, pressure and volume, respectively. Figure 4 (a) shows pressure dependence of enthalpy difference ¦H between C12A7 and [4(C2A)+C4A3]. C12A7 is stable at 0 GPa, but it becomes unstable above 1.1 GPa. Although our first-principles calculations did not consider thermal and kinetic effect, the destabilization tendency of C12A7 under high-pressure conditions is well explained. It caused with change of PV term, ¦(PV), while internal energy change ¦E rather stabilized C12A7.
Since volume V is correlated with pressure P, we also calculate enthalpy under constant volume conditions in order to separate the effects of pressure and the volume shrink of each substance. Figure 4(b) shows pressure dependence of PV term. Compared with ¦(PV) and ¦(PV 0 ), where V 0 is the volume at 0 GPa, PV term is mainly due to ¦(PV 0 ). Although the volume shrink of C12A7 is two times larger than that of [4(C2A)+C4A3], the contribution of volume shrink of each substance, P¦V, is rather small. Therefore, the instability of C12A7 under high-pressure condition is mainly caused by its large volume at 0 GPa. This indicated that the volume at 0 GPa, V 0 , is a dominant factor in this reaction under highpressure.
Conclusion
We investigated stability of C12A7 under high-pressure by sample recovery experiments and first-principles calculations. We observed by sample recovery experiments that C12A7 is decomposed to C2A and C4A3. According to first-principles calculations, the volume of C12A7 is larger than that of [4(C2A)+C4A3]. From energetic point of view, C12A7 becomes unstable as pressure increases. This caused by the large volume of C12A7 at 0 GPa while the contribution of volume shrink of each substance is rather small. This indicated that the volume at 0 GPa V 0 is a dominant factor in these systems under high-pressure.
